Short peptides are powerful motifs for designing chirality-organized molecular self-assemblies because of their directed hydrogen bonding interactions. In the field of bioorganometallic chemistry, [1] ferrocene scaffolds conjugated with amino acids or short peptides have been employed as a model system for studies of protein folding, in which ferrocene serves as a central reverse-turn unit. [2] We previously reported that a series of ferrocene-dipeptide conjugates derived from 1,1'-ferrocenedicarboxylic acid can induce helical chirality through intramolecular hydrogen bonding of the dipeptide chains. [2g,3] In these systems, the helical chirality that is induced depends solely on the absolute configuration of the -carbon atom of an amino acid adjacent to the ferrocene core. For example, when L-Ala is used as the adjacent amino acid, P-helical chirality is induced, irrespective of the absolute configuration of the second amino acid. As such, the induced helical chirality is determined by the absolute configuration of the adjacent amino acid, and no methods for controlling helical chirality without changing the structure of the adjacent amino acid are currently available. We report herein that conformational restriction can be used as a new controlling factor for inducing the helical chirality of ferrocenedipeptide conjugates. Both P-and M-helical chirality can be induced by using an adjacent amino acid with the same absolute configuration.
We previously reported that P-helical chirality of ferrocenedipeptide conjugates derived from 1,1'-ferrocenedicarboxylic acid is induced by hydrogen bonding interactions of the L-amino acids, which is similar to the antiparallel -sheet structure found in proteins. [2g,3] We envisioned that helical chirality might be inverted without changing the absolute configuration of the adjacent amino acids if an antiparallel -sheet type structure can be altered to a different secondary structure by reorienting the hydrogen bonding interactions. One simple way to realize such a change in the secondary structure of dipeptides should be the introduction of a cyclic structure that could function to tie the terminals of dipeptide chains together. This cyclization would restrict the conformational flexibility of the dipeptide chains, thereby triggering the reordering of the hydrogen bonding. Although several cyclic ferrocene-peptide conjugates have been reported, [4] inversion of the helical chirality was not observed in these systems, and only P-helical chirality is induced when L-amino acids are attached to the ferrocene core, which is a completely consistent with observations for acyclic systems. We concluded that a systematic investigation of the effect of a cyclic structure on induced chirality would be appropriate.
To this end, we employed cystamine (H2NCH2CH2S-SCH2CH2NH2) as a linkage to cyclize two dipeptide chains attached to the ferrocene core, in hopes that the corresponding ring-opened derivatives could be readily accessed by the reductive cleavage of the disulfide bond to thiols. [5] Our assumption was that the disulfide bond would serve as a chirality switching unit by changing the open/closed forms of ferrocene-dipeptide conjugates. Regarding the dipeptide chains, a heterochiral sequence such as L-Pro-D-Ala was reported to enforce a reverse-turn conformation in some designed oligopeptides. [6] Based on this observation, we envisioned that introducing a heterochiral sequence to a ferrocene core might be used to form a reverse turn structure, when conformational flexibility is suitably restricted by the cyclic structure. With this hypothesis in mind, we designed the cyclic ferrocene-dipeptide conjugate 1, wherein the C-terminals of the dipeptide chains are connected by cystamine. An L-Ala-D-Pro sequence was used as a heterochiral dipeptide chain because alanine is a smallest chiral amino acid and a sterically constrained proline would be expected to serve as a turn inducer. The corresponding cyclic ferrocenedipeptide conjugates 2 having a homochiral dipeptide sequence (i.e., L-Ala-L-Pro) were also synthesized to investigate the effect of the chirality of the remote amino acid on the induced helical chirality of the conjugates. Conjugates 1 and 2 were synthesized from 1,1'ferrocenedicarboxylic acid or 1,1'-bis(chlorocarbonyl)ferrocene and the corresponding dipeptide derivative (Figure 1 ), and were fully characterized by spectral data.
X-ray crystal structure analyses were performed in order to clarify the chirality-organized structure ( Figure 2 ). [7] The molecular structure of 1 was characterized by the formation of intramolecular hydrogen bonds between the NH group of cystamine and the CO group of the ferrocenoyl moiety of each dipeptide chain (N(3)•••O(1), 2.921(9) Å; N(23)•••O(21), 2.878(9) Å) to create a turn-like structure in each dipeptide moiety. The torsion angles 2 Supporting information for this article is given via a link at the end of the document. was formed, leading to lead the creation of a -turn-like structure through weak intramolecular hydrogen bonding interactions between the NH of cystamine and the CO of the ferrocenoyl moiety (N(3)···O(1), 3.449(10) Å; N(23)···O(21), 3.565(10) Å) in each dipeptide chain. The torsion angles 2 (2 = -63.2(10)° and 2* = -67.2(10)°), 2 (2 = 152.7(8)° and 2* = 156.6(7)°), 3 (3 = 74.2(10)° and 3* = 70.0(10)°), and 3 (3 = 20.5(11)° and 3* = 26.7(11)°) of 3 indicated a type II -turn-like structure (an ideal type II -turn: 2 = -60°, 2 = 120°, 3 = 80°, and 3 = 0°). It was found that thiol moieties introduced in the C-terminus of dipeptides did not participate in hydrogen bonding. An intermolecular hydrogen-bonding network was observed in the crystal packing of 3, in which each molecule is linked to four neighboring molecules ( Figure S2 in the Supporting Information). An X-ray crystal structure analysis of the acyclic ferrocene-dipeptide conjugate 4 bearing two L-Ala-L-Pro-NHCH2CH2SH dipeptide chains revealed the chirality-organized structure of P-helical chirality with a P-1,2' helical conformation of the ferrocenoyl moiety through intramolecular antiparallel -sheet-like hydrogen bonding between the NH group of Ala and the CO group of Ala (another chain) of each dipeptide chain (N(1)···O(22), 2.883(10) Å; N(21)···O(2), 2.952(9) Å) as depicted in Figure 4b . An inverse -turn-like structure, as observed in the structure of the cyclic ferrocene-dipeptide conjugate 2, was not formed in the acyclic ferrocene-dipeptide conjugate 4, probably due to the flexibility of the dipeptide chains. Intermolecular hydrogen bonds in the acyclic ferrocene-dipeptide conjugate 4 resulted in the induction of a right-handed helical molecular assembly in the crystal packing ( Figure S3 in the Supporting Information).
To evaluate chirality-organized structures of the ferrocenedipeptide conjugates in the solution state, CD measurements were performed. An induced circular dichroism in the absorbance region of the ferrocene moiety was detected in the CD spectrum of the cyclic ferrocene-dipeptide conjugate 1 (Figure 5 ), while a negative Cotton effect at around 480 nm indicates M-helical chirality of the ferrocenoyl moiety. [2f-g] Electronic spectra of 1-4 are shown in Figures S4 and S5 in the Supporting Information. The chirality-organized structure as observed in the crystal structure was found to be preserved, even in solution. Preservation of the chirality-organized structure of 2 in solution was also supported by its CD spectrum which showed a positive Cotton effect at around 480 nm based on the P-helical chirality of the ferrocenoyl moiety ( Figure 5 ). The ferrocenoyl moiety of the acyclic ferrocene-dipeptide conjugates 3 and 4 also had a P-helical chirlaity, as indicated by the appearance of a positive Cotton effect at around 480 nm in CD spectra, as shown in Figure 6 .
In conclusion, the helical chirality of a series of ferrocenedipeptide bioorganometallic conjugates could be controlled by cyclic/acyclic conversion. The suitable regulation of the conformational flexibility allowed a type II -turn-type second structure to be formed, thereby inducing M-helical chirality, which is oposite to that induced by all previously reported ferrocenedipeptide conjugates derived from 1,1'-ferrocenedicarboxylic acid. The absolute configuration of the remote amino acid also affected the induced chirality, and both M-and P-chirality could be induced without changing the structure of the adjacent amino acid (i.e., 1 vs 2). Furthermore, the conversion of a type II -turn-like structure to an antiparallel -sheet-like structure was achieved through the reductive cleavage of the disulfide bond to thiol groups, leading to the conversion of M-helical chirality into P-helical chirality. The findings reported herein provide a new principle for designing artificial chiral assemblies. Applications of and the dynamic control of these chirality-organized structures and related conjugates are currently in progress.
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